The mechanism of a recently reported first mono-reduction of cyclic 1,3-diesters (Meldrum's acids) to b-hydroxy acids with SmI 2 -H 2 O has been studied using a combination of reactivity, deuteration, kinetic isotope and radical clock experiments. Most crucially, the data indicate that the reaction proceeds via reversible electron transfer and that water, as a ligand for SmI 2 , stabilizes the radical anion intermediate rather than only promoting the first electron transfer as originally proposed.
Mechanistic investigation of the selective reduction of Meldrum's acids to b-hydroxy acids using SmI 2 Reduction of carbonyl groups with low-valent metals to generate ketyl intermediates is a fundamental process in organic synthesis. 1 For more polar carboxylic acid derivatives, single electron transfer from the metal centre to form acyl-type radicals is more challenging due to lower electrophilicity of the carbonyl group precursors, which prevents selective electron transfer under mild conditions. 2 Moreover, the formed acyl-type radicals often undergo undesired decarbonylation to give carbon monoxide and alkyl radicals. 3 Accordingly, successful examples of generation of acyl-type radicals from polar carbonyl groups remain rare. [1] [2] [3] Over the past decade, samarium(II) iodide (SmI 2 , Kagan's reagent) has emerged as a valuable reagent for promoting electron transfer processes to carboxylic acid derivatives. 4, 5 In particular, the reagent formed by activation of SmI 2 with Lewis basic ligands 6 has enabled mild and modular synthesis of acyltype radical intermediates from various carboxylic acid precursors. 7, 8 Perhaps most intriguing among these reagents are SmI 2 -H 2 O complexes 6b formed via the addition of water to SmI 2 (THF) n due to their excellent chemoselectivity in diverse radical reactions. 9 Recently, our laboratory has demonstrated that SmI 2 -H 2 O exhibits remarkable selectivity in the reduction of carbonyl groups of cyclic 1,3-diesters ( Fig. 1) 10 and lactones 11 in that the system shows full selectivity for the electron transfer to cyclic esters over their acyclic analogues. to b-hydroxy acids. The reaction proceeds via acyl-type radical intermediates generated by a direct electron transfer from Sm(II) to the ester carbonyl. The study represents one of the first mechanistic analyses of electron transfer processes to carbonyl groups mediated by SmI 2 . 15 Importantly, this investigation outlines the interplay between SmI 2 and H 2 O ligand, 16 establishes the reversibility of the initial electron transfer and provides insights for the rational development of radical reactions based on the versatile Meldrum's acid template using Sm(II) complexes. Initial studies suggested that selectivity in the monoreduction of Meldrum's acids resulted from the rate of the initial electron transfer to the carbonyl group and anomeric stabilization of the radical anion intermediate. 10a,b Moreover, water as the ligand to Sm(II) was critical for the observed reactivity. However, after continuous probing of the reaction pathway, several observations suggested that an alternative mechanism might be operative.
To elucidate the role of electronic and steric stabilization in the SmI 2 -mediated reduction of Meldrum's acids, a series of reactivity studies were performed (Table 1) . 17 Because of the heterogenicity of the reaction, kinetic studies proved not to be a viable tool in the present reaction. Remarkably, in the series of selected substrates (Table 1 , entries 1-6) full selectivity for the reduction of alpha-disubstituted esters over alpha-monosubstituted esters was observed (Table 1 , entries 4 and 5). Moreover, appreciable levels of selectivity were obtained depending on electronic properties of the a-carbon substituent at the ester group undergoing the reduction ( Evidence for the reaction pathway was further gained by examining the reactivity of substrates possessing two reactive sites (entries 7-12). These results indicate that a,b-unsaturated Meldrum's acids undergo chemoselective reduction in preference to their fully saturated counterparts (entries 7 and 8). Moreover, a cyclopropyl-clock containing substrate results in a faster reduction than for a,a-disubstituted Meldrum's acids (entries 9 and 10); however, its reduction is slower than that of an a,b-unsaturated ester (entry 11). Finally, electronicallydifferentiated a,b-unsaturated substrates result in a near statistical rate of reduction (entry 12). These results outline the order of reactivity of Meldrum's acids with SmI 2 : a,b-unsaturated c cyclopropyl 4 a,a-disubstituted c a-monosubstituted. 18 Importantly, the data presented in To investigate the role of water as an activating ligand for Sm(II), a series of rate studies were performed ( Fig. 2a and ESI †). Isobutyl-substituted ester was selected as a model substrate. The study was performed by monitoring the reduction of 1c with increasing concentrations of water and quenching the reaction at low conversions. Remarkably, a non-linear dependence on water concentration was found in the reduction of 1c (Fig. 2a) . In agreement with the previous results, no reaction was observed without the water additive and at low concentration of water, 10a,b (0-50 equiv.; see, ESI †). Next, at higher concentrations of water (100-400 equiv.) the rate was found to increase linearly with a slope. However, at high concentrations of water (4400 equiv.) the rate decreased dramatically, which is consistent with substrate dissociation from the inner coordination sphere of Sm(II). 15 These results are in contrast to the thermodynamic redox potentials of SmI 2 -H 2 O complexes 15d and other studies. 11b Importantly, the rate of reduction of acyl-type radicals can be varied by simply changing the concentration of the water additive. 19 We likewise investigated the role of SmI 2 in the reduction of Meldrum's acids (Fig. 2b and ESI †) . The study was performed by monitoring the equivalents of SmI 2 required for the reduction of 1d with a set concentration of water and quenching the reaction after disappearance of the active Sm(II) View Article Online complex. As indicated in Fig. 2b , the reaction of 1d is linear in SmI 2 and requires more than six equivalents of the reductant. This is consistent with previous mechanistic studies on the reduction of carbonyl groups with SmI 2 15 and indicates that the collapse of acetonide occurs prior to the final electron transfer from Sm(II).
To gain independent evidence on the role of electron transfer steps, we carried out experiments employing cyclopropyl clocks (Table 2 and ESI †). 20 The reaction of 1h (2 equiv. of SmI 2 ) resulted in rapid cyclopropyl ring opening to give acyclic ester 2h. Cyclopropyl carbinol was not detected in the reaction. The reaction with excess of SmI 2 -H 2 O (10 equiv., rt, 2 h) resulted in a full reduction to the b-hydroxy acid. The reduction with SmI 2 -H 2 O (8 equiv., 15 min) gave approx. 1 : 1 ratio of 2h to 2i. The reduction using SmI 2 -MeOH and SmI 2 -THF resulted in alcoholysis and slow, non-selective reaction. Overall, these findings strongly suggest that the reduction of Meldrum's acids with SmI 2 -H 2 O occurs via fast, reversible electron transfer and that water activates the reagent towards the electron transfer. Additional experiments were performed to gain insight into the electron transfer steps (see ESI † and Table 3 Meldrum's acids 1f and 1g (SmI 2 , 2 equiv.) proceeds with full selectivity for the 1,4-reduction to give saturated Meldrum's acid derivatives (see ESI †). (4) Evaluation of the reduction of the benchmark substrate using various Sm(II)-ROH systems indicates that other SmI 2 reagents can be used to promote selective monoreduction (Table 3) . Importantly, under the optimized reaction conditions over-reduction to 1,3-diol is not observed. Note, however, that the reactivity trend is divergent from the ligand effect on the reduction of other carbonyl groups using Sm(II), 15f which most likely results from a combination of lower kinetic reactivity of these substrates (entries 1-4), instability towards the reaction conditions (entries 5 and 6), and differential coordination of the sterically-encumbered reductants to the Meldrum's acid carbonyl groups (entries 7-12). Overall, these results demonstrate that Sm(II) reagents based on chelating ligands 6 and multicomponent systems 7 are new chemoselective reductants available for the reduction of cyclic 1,3-diesters. Scheme 1 shows a revised mechanism that is consistent with the kinetic and reactivity studies presented herein. The key features involve: (1) reversible initial electron transfer step; (2) non-linear rate dependence on water concentration; (3) rate determining second electron transfer step that is inhibited by large concentrations of water.
In conclusion, we have elucidated the mechanism of the selective mono-reduction of Meldrum's acids to b-hydroxy acids 1 H NMR. In all entries, yield based on reacted starting material. ED = Ethylenediamine; DCH = trans-N,N 0 -dimethyl-1,2-cyclohexyldiamine; EG = ethylene glycol; TMEDA = tetramethylethylenediamine.
Scheme 1 Proposed mechanism of the reduction of Meldrum's acids. using the SmI 2 -H 2 O system. We hope that further research aimed at understanding processes involving activation of SmI 2 by Lewis basic ligands will enable discovery of new radical reactions.
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